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Introduction

Skeletal related events (SREs), defined as clinical effects resulting from cancer spreading to bone, are a common complication of spine tumors. Pain is the most common SRE; other frequent SREs include fractures, spinal cord or nerve root compression [START_REF] Isaac | State-of-the-art imaging for diagnosis of metastatic bone disease[END_REF].

A multidisciplinary therapeutic approach including surgery, radiation therapy (RT), and medical therapies (i.e., analgesics, chemotherapy and bisphosphonates) is usually required to treat spinal tumors when they result in one or more SREs [START_REF] Klimo | Surgical management of spinal metastases[END_REF]. Owing to precision oncology and improvements in treatments [START_REF] Merrill | Conditional survival among cancer patients in the United States[END_REF], the prolonged survival of patients with metastatic cancer has resulted in an increase in the number of spinal (metastatic) tumors, and an emergence of patients referred by the multidisciplinary tumor board with oligometastatic/oligoprogressive disease, with the potential to treat these tumors with curative intent [START_REF] Tomasian | Simultaneous bipedicular radiofrequency ablation combined with vertebral augmentation for local tumor control of spinal metastases[END_REF][START_REF] Tomasian | Spine cryoablation: pain palliation and local tumor control for vertebral metastases[END_REF][START_REF] Böhm | The surgical treatment of bony metastases of the spine and limbs[END_REF][START_REF] Spratt | An integrated multidisciplinary algorithm for the management of spinal metastases: an International Spine Oncology Consortium report[END_REF][START_REF] Greco | Spinal metastases: from conventional fractionated radiotherapy to single-dose SBRT[END_REF][START_REF] Cazzato | Percutaneous image-guided ablation of bone metastases: local tumor control in oligometastatic patients[END_REF][START_REF] Deschamps | Thermal ablation techniques: a curative treatment of bone metastases in selected patients?[END_REF].

Bipolar radiofrequency ablation (b-RFA) is a technique that was specifically designed for the ablation of vertebral tumors. Such treatment, often combined with vertebral augmentation within the same interventional session, may be applied to achieve pain relief in patients with painful tumors as well as local tumor control in selected patients with metastases [START_REF] Wallace | Radiographic local control of spinal metastases with percutaneous radiofrequency ablation and vertebral augmentation[END_REF][START_REF] Cazzato | Low-power bipolar radiofrequency ablation and vertebral augmentation for the palliative treatment of spinal malignancies[END_REF][START_REF] Bagla | Multicenter prospective clinical series evaluating radiofrequency ablation in the treatment of painful spine metastases[END_REF].

Standard b-RFA of spine tumors is proposed with a target temperature of 70°C [START_REF] David | Initial single center experience: radiofrequency ablation assisted vertebroplasty and osteoplasty using a bipolar device in the palliation of bone metastases[END_REF].

However, , such temperature is measured at the electrode tip and may be much inferior at the periphery of the ablation area. Therefore, we have postulated that an increased target temperature may achieve larger tumor destruction with a subsequently improved clinical outcome.

The purpose of this study was to retrospectively investigate the safety and clinical efficacy of b-RFA with increased (> 70°C) target temperature for the treatment of spinal metastases with the intent of achieving pain relief or local tumor control.

Materials and methods

Study population

This single-center retrospective observational study was approved by the institutional review board with a waiver of written informed consent. Our institutional radiological information system (Xplore; EDL) was queried to retrieve all consecutive patients with spinal malignancies who underwent b-RFA from January 2016 to May 2019. Two keywords were entered simultaneously ("bipolar radiofrequency ablation" and "spine tumor"). This search identified 34 patients with 40 spine tumors (39 metastases and 1 chondrosarcoma; 6 patients received b-RFA in 2 vertebral levels in the same or in different interventional sessions).

Procedural reports were screened to identify tumors that were treated with an increased target temperature protocol (> 70°C). The first 3 tumors (2 metastases and 1 chondrosarcoma) in the first 3 consecutive patients of the series were excluded since they were treated with a standard temperature protocol (70°C).

Thirty-one patients were included in the final analysis (Fig. 1). There were 20 women and 11 men with a mean age of 62.4 ± 10.5 (standard deviation [SD]) years) (range: 40-78 years) and a total of 37 spine metastases.

Patients were offered b-RFA following the decision of a multidisciplinary tumor board including medical and radiation oncologists, orthopedic surgeons, anesthesiologists, and interventional radiologists. Depending on the clinical status of the patient, extent of the metastatic disease and life expectancy, the multidisciplinary tumor board proposed the percutaneous treatment as a "stand-alone" treatment or as part of a more complex therapeutic strategy with the following indications: pain management, or prevention of complications or curative treatment.

Pain management was considered for patients with pain scores ≥ 4/10 in the 24h period according to the 0-10 visual analogue scale (VAS) with or without analgesics (Fig. 2); such palliative treatment was proposed as a first-line treatment or after failure of RT (i.e., patients with persistent or recurring pain after RT without any prospect for further irradiation due to reaching the maximum permitted radiation dose). Prevention of complications related to the growth of the target tumor was considered for patients with metastases growing towards the posterior 1/3 of the vertebral body to prevent invasion of the spinal canal (Fig. 3). Curative treatment was considered in patients with an oligometastatic (i.e., less than 3 bone or visceral metastases with a size <3 cm) or oligoprogressive malignant disease (i.e., single progressive metastasis despite good overall control of the systemic disease with systemic therapies) to achieve complete tumor destruction [Fig. 4]).

Contraindications to the percutaneous treatment were irreversible coagulopathy, active sepsis, risks from anesthesia, limited life expectancy (< 1 month), focal neurological signs related to the target tumor, and unstable tumors (i.e., spinal instability neoplastic score > 7) [START_REF] Campos | The Spine Instability Neoplastic Score: an independent reliability and reproducibility analysis[END_REF]. The standard treatment is based on a bi-pedicular approach performed with two electrodes, whose tips are spaced 8-10 mm apart as previously described [START_REF] Cazzato | Low-power bipolar radiofrequency ablation and vertebral augmentation for the palliative treatment of spinal malignancies[END_REF]. Briefly, the ablation zone resulting from each electrode coalesced in a single large ablation area, almost covering the entire vertebral body, including its posterior third in the midline (Fig. 2). However, according to the size and location of the metastases, and the expected goal of the procedure, on a per-tumor basis, the operator selected the number of electrodes and their geometrical disposal (mono-or bi-pedicular [Fig. 4], the length of their active tips, the target temperature, and the number of ablation cycles). Similarly, on a per tumor-basis, the operator chose whether to adopt or not ancillary protective measures to prevent injury to the spinal cord and nerve roots.

Bipolar radiofrequency ablation

Regarding ablation parameters, a standard ablation protocol is automatically proposed by the manufacturer with fixed target temperature (70°C) and impedance cut-off at which the system paused energy delivery (200 Ohm above the baseline impedance measured by the system before starting ablation). Nevertheless, these and other ablation parameters could be adapted to boost or limit the ablation zone. Following the first 3 patients who were treated with the standard protocol proposed by the manufacturer and thus excluded from the present analysis, we systematically increased the target temperature above 70°C [START_REF] Cazzato | Low-power bipolar radiofrequency ablation and vertebral augmentation for the palliative treatment of spinal malignancies[END_REF]; as well as the impedance cut-off (above 200 but below 400 Ohm, especially when tumors with mixed density were treated) at which the generator paused energy delivery. These changes were done to avoid pausing during ablation, thus granting continuous and effective temperature rise with the intent to achieve large ablation zones.

Two different protective systems were applied alone or in combination (Fig. 2-3) (16): i) 20-G blunt-tip thermocouples to monitor temperature changes at the level of the posterior wall or the anterior epidural space; ii) hydro-dissection of the epidural space performed with roomtemperature 5% electrically inert dextrose solution, diluted 3-5% with iodinated contrast material to allow radiological visualization of the injected fluid. In particular, protective measures were systematically applied at the beginning of our experience with the b-RFA system; whenever the target tumor was 5 mm within the posterior wall or when a cortical disruption of this latter was noted.

At the end of the ablation, poly-methyl-methacrylate (PMMA, Osteopal ® , Haraeus Medical GmbH) was injected under continuous fluoroscopic guidance through the bone trocars originally applied to deploy the electrodes, to attain vertebral augmentation (Figs. 234).

Patients treated due to pain were followed-up clinically on an outpatient basis by the interventional radiologist performing the procedure or by the referring physician at varying intervals. In such cases, only pain evolution was evaluated. On the other hand, patients undergoing b-RFA to prevent complications or for curative reasons underwent both clinical and radiological follow-up at varying intervals and contrast-enhanced CT, magnetic resonance imaging or 18 FDG positron emission tomography-CT were used to assess residual (< 1 month) or recurring (> 1 month) local disease. Imaging follow-up was performed for all patients with post b-RFA complications or upcoming SREs (e.g., pain or fracture) being suspected during followup.

Data collection and definitions

Several variables were collected. They included patients' characteristics (age, sex), metastasis characteristics (location, histological nature, epidural involvement, imaging features, associated treatments), goal of treatment (pain management, prevention of complications, curative treatment), procedure details (number of electrodes, mono-or bi-pedicular approach, b-RFA target temperature, total ablation time, neural protective measures, additional vertebroplasty, technical success, complications) and clinical outcome.

All treated metastases were centered on the vertebral body and their imaging presentation were classified into lytic or mixed type. For osteoblastic tumors hindering effective energy delivery due to high impedance, b-RFA was not applied and when possible, substituted with cryoablation given the easiness of the iceball to go across cortical/osteoblastic bone [START_REF] Cazzato | Percutaneous image-guided cryoablation of osteoblastoma[END_REF].

Associated treatments included all the other non-percutaneous local treatments performed on the same tumor before or after b-RFA.

Technical success was defined as an index vertebra accessed with the intended number of electrodes (coaxially deployed through bone trocars) according to tumor size (i.e., metastases up to 8 mm in greatest diameter were generally treated with a single electrode); ablation performed according to the temperature/impedance parameters set at the beginning of the procedure; and vertebral augmentation achieved with at least 50% of the vertebral body filled with PMMA without any clinically significant extra-osseous leakage.

Complications were classified according to the Cardiovascular and Interventional

Radiological Society of Europe (CIRSE) quality assurance document and standards for classification of complications [START_REF] Filippiadis | CIRSE quality assurance document and standards for classification of complications: the CIRSE classification system[END_REF]. Major complications were defined as CIRSE grade 4-6; grade 1-3 complications were rated as minor.

Clinical outcome, specifically success, was evaluated at the last clinical/imaging followup available according to the treatment goal. In particular, for patients receiving b-RFA for pain management, clinical success was defined as a reduction of at least 3 points on the 0-10 VAS compared to preoperative VAS, with or without the concurrent action of other associated treatments (i.e., analgesics such as non-steroidal drugs, opioids). For patients undergoing b-RFA to prevent complications or to achieve complete tumor destruction in oligometastatic/oligoprogressive disease, clinical success was defined as no enhancement on follow-up imaging examination or no tumor growth according to standard criteria [START_REF] Deschamps | Thermal ablation techniques: a curative treatment of bone metastases in selected patients?[END_REF]. Clinical success was evaluated per category of intended goal.

Statistical analysis

Categorical variables were expressed as raw number, proportions and percentages and continuous variables as means, SD and ranges. Clinical success was reported as the percentage of patients achieving the expected therapeutic result over the total number of patients included in the specific treatment group.

Fisher exact test was used to assess the clinically benefit of additional RT. P values < 0.05 were considered to indicate statistically significant differences.

Results

Patient and tumor characteristics are reported in Clinical success among patients undergoing b-RFA to achieve local tumor control due to an oligometastatic/oligoprogressive disease was 100% (6/6 metastases) with a mean follow up of 5.0 ± 4.6 (SD) months (range: 0.75-10 months).

In the entire population, clinical success was achieved in 11/13 (84.6%) metastases receiving b-RFA and RT compared to 17/23 (73.9%) receiving b-RFA alone (P = 0.8) (Table 3).

A double-electrode approach was applied in 30/37 (81.1%) metastases with a mono-or a bi-pedicular approach (Fig. 234); one electrode was used in the remaining metastases (7/37 metastases; 18.9%). Mean target temperature and ablation time were 88.4 ± 3.5 (SD) °C (range: 80 -90 °C) and 17.2 ± 8.1 (SD) min (range: 7.5 -45 min), respectively. In 30/37 (81.1%) metastases, ancillary protective measures were applied (Figs. 23). A combined coaxial system allowing simultaneous thermal monitoring through the independent thermocouple and hydrodissection of the epidural space was used in 27/37 (73.0%) metastases and thermocouple alone was used in 3/37 (8.1%) metastases.

All the treated vertebral levels (37/37; 100%) received further vertebral augmentation within the same session through simple PMMA injection (i.e., vertebroplasty). No PMMA leakages resulting in a clinically evident complication were noted. Technical success was reached in all metastases (37/37; 100%).

One (1/37; 2.7%) major (grade 6) complication represented lethal sepsis in a patient with end-stage lung cancer who was treated with b-RFA and vertebral augmentation despite a paravertebral abscess misdiagnosed the day of the procedure. The abscess was drained two days after the procedure, and a targeted antibiotic therapy was established; nevertheless, the patient died 3 weeks later as a result of sepsis complications.

Discussion

In this retrospective study, a low-power b-RFA system was used with an increased target temperature protocol (> 70°C) to achieve pain control, prevent spinal metastasis -related complications, or obtain local tumor control in patients with an oligometastatic/oligoprogressive disease. Our analysis revealed that this new b-RFA protocol coupled to vertebral augmentation is safe, bearing in mind that only one major complication unrelated to the described technique occurred. In fact, this specific complication was the result of an undetected small paravertebral abscess on the day of the procedure (as sepsis being a known contraindication), leading to erroneously performing ablation and vertebral augmentation [START_REF] Tsoumakidou | Imageguided spinal ablation: a review[END_REF][START_REF] Tsoumakidou | CIRSE guidelines on percutaneous vertebral augmentation[END_REF]. In our series, b-RFA was systematically coupled to vertebroplasty mainly to prevent vertebral collapse since secondary fractures remain the most common major complication encountered after bone ablation [START_REF] Auloge | Complications of percutaneous bone tumor cryoablation: a 10-year experience[END_REF][START_REF] Cazzato | Complications following percutaneous image-guided radiofrequency ablation of bone tumors: a 10-year dualcenter experience[END_REF]. Cazzato et al. showed that combination of ablation and vertebral augmentation results in increased pain relief compared to RFA alone [START_REF] Cazzato | Percutaneous radiofrequency ablation of painful spinal metastasis: a systematic literature assessment of analgesia and safety[END_REF]. In their analysis, the best palliative treatment was obtained when ablation, vertebral augmentation and RT were focused on the same target vertebral level [START_REF] Cazzato | Percutaneous radiofrequency ablation of painful spinal metastasis: a systematic literature assessment of analgesia and safety[END_REF]. Similarly, Prezzano et al. proved that combining b-RFA and RT provides better local tumor control compared to RFA alone (recurrence rates of 9.1% vs 47.1%, respectively at a mean of 8.2 months follow-up) [START_REF] Prezzano | Radiofrequency ablation and radiation therapy improve local control in spinal metastases compared to radiofrequency ablation alone[END_REF].

Finally, Di Staso et al. showed that combined RFA and RT on the same bone metastasis do not increase the morbidity rate compared to RT alone [START_REF] Staso | A feasibility study of percutaneous radiofrequency ablation followed by radiotherapy in the management of painful osteolytic bone metastases[END_REF]. In summary, all these data favor the use of combined treatments (b-RFA + vertebral augmentation + RT) to achieve the best possible clinical result both in terms of pain relief and local tumor control. Nevertheless, given the fact that secondary fracture represents the most common major adverse event after bone tumor ablation [START_REF] Auloge | Complications of percutaneous bone tumor cryoablation: a 10-year experience[END_REF][START_REF] Cazzato | Complications following percutaneous image-guided radiofrequency ablation of bone tumors: a 10-year dualcenter experience[END_REF], and that the rate of such complication is not negligible after RT [START_REF] Faruqi | Vertebral compression fracture after spine stereotactic body radiation therapy: a review of the pathophysiology and risk factors[END_REF], it would be probably safer to propose ablation and vertebral augmentation prophylactically, prior to RT to allow patients to safely receive this latter treatment minimizing any further risk of fracture.

From a technical point of view, in our study the target temperature was systematically increased above the standard cut-off suggested by the manufacturer (i.e., 70°C); and probably, this has contributed to achieve good clinical results especially in patients presenting with an oligometastatic/oligoprogressive disease. In fact, it is well-known that to achieve effective local tumor control, it is essential to ensure large ablation zones extending beyond tumor margins.

Therefore, tumoricidal temperatures above 65°C are needed on the periphery of the ablation area, which is more likely to be achieved with maximized target temperatures [START_REF] Cazzato | Low-power bipolar radiofrequency ablation and vertebral augmentation for the palliative treatment of spinal malignancies[END_REF].

It is worthwhile to emphasize our extensive use of ancillary protective measures to prevent neurological complications, especially with the increased target temperature protocol.

Although b-RFA generates less neural structure damage (i.e., focal partial/complete sensorial/motor function) compared to other common ablation techniques (28), a theoretical risk of thermal-mediated damage still exists [START_REF] Cazzato | Percutaneous radiofrequency ablation of painful spinal metastasis: a systematic literature assessment of analgesia and safety[END_REF]. Coming to details, we used thermal monitoring with or without hydrodissection (29) of the epidural space, both probably representing the most accessible and cost-effective techniques [START_REF] Tsoumakidou | Percutaneous thermal ablation: how to protect the surrounding organs[END_REF]. Nevertheless, more advanced measures exist, including neurophysiological monitoring which seems particularly adapted for spinal tumor ablation since it interrogates the (sensorial) ascending and (motor) descending neural networks, allowing intraoperative real-time monitoring of their electrical conduction. Although valuable, this technique has some drawbacks including the need for specific neurophysiological knowledges, tight collaboration with the anesthesiologist to avoid drugs inhibiting neural function, and relatively long times to install the system [START_REF] Tsoumakidou | Imageguided spinal ablation: a review[END_REF]. Accordingly, its diffusion on a large scale is still lacking with only few reports to date [START_REF] Nöel | Neurophysiological monitoring in radiofrequency ablation of spinal osteoid osteoma with a progressive time and temperature protocol in children[END_REF][START_REF] Kurup | Motor evoked potential monitoring during cryoablation of musculoskeletal tumors[END_REF].

Limitations of the present study are attributed to its retrospective nature, which limited the 
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Fig. 1. Flowchart illustrates number of patients treated with bipolar radiofrequency ablation, excluded and included in the study. B-RFA: Bipolar radiofrequency ablation Fig. 2. Bipolar radiofrequency ablation of a painful L1 metastasis in a 62-year-old woman with multi-focal bone predominant metastatic breast cancer. (A-B) A bilateral trans-pedicular approach was utilised to deploy the electrodes (arrows); along with a coaxial 18G system, which permitted hydrodissection as well as thermal monitoring at the level of the anterior epidural space with deployment performed through a descending trans-foraminal approach (dotted arrows). (C) Vertebral augmentation was performed subsequently in the same session just after ablation. The procedure was clinically effective, evidenced by significant pain relief achieved by day 7. (D) Additionally, a follow-up axial contrast-enhanced T1-weighted image obtained two years later to evaluate the metastatic involvement of the spine demonstrates a large persistent necrotic area of the L1 vertebral body (*). 
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  -RFA procedures were performed under cone-beam CT (CBCT) or combination of CT and fluoroscopy guidance by five interventional radiologists (R.-L. C., P. A., G.K., J.G., A.G.) with varying experience (3-27 years) in bone tumor ablation. All b-RFA were performed under general anesthesia. Antibiotic prophylaxis (2 g cefazolin) was systematically administered intravenously before the procedure. A low-power (maximum 20 Watts per electrode) b-RFA system (Osteocool ® ; Medtronic) was utilized in all cases with one or two internally cooled 17-Gauge (G) electrodes deployed through 10-13 G vertebroplasty bone trocars (Optimed, Germany). Variable active electrode tip lengths (7, 10, 15 and 20 mm) were applied. The selected b-RFA system adapted energy delivery based on the impendence feedback coming from the target tumor. The goal was to progressively deliver the RFA energy to the index tumor until the target temperature (TT established at the beginning of the procedure (70 °C < target temperature ≤ 95 °C) was reached, and kept constant for the remaining ablation time.

  Clinical results varied according to the different clinical scenarios justifying the application of the percutaneous treatment, with the best clinical success being obtained in patients requiring pain management or local tumor control due to an oligometastatic/oligoprogressive disease (80.0% and 100.0%, respectively); and the worse in patients undergoing b-RFA to prevent complications relating to the growth of the index tumor (60.0%).David et al. applied the same b-RFA system of ours with standard (70°C) target temperature and vertebroplasty in 35 vertebral levels, and on average they noted a drop of 4.4 points on the VAS scale after the procedure[START_REF] David | Initial single center experience: radiofrequency ablation assisted vertebroplasty and osteoplasty using a bipolar device in the palliation of bone metastases[END_REF]. In a prospective single-arm multicenter study, Baagla et al. treated 69 thoracic/lumbar vertebral levels with b-RFA (and vertebroplasty in 96% treated levels); and noted that on average pain dropped from a mean score of 5.9/10 at baseline to 3.5, 2.6 and 2.1 out of 10 at 1-week, 1-month and 3-month follow-up, respectively[START_REF] Bagla | Multicenter prospective clinical series evaluating radiofrequency ablation in the treatment of painful spine metastases[END_REF]. Another multicenter retrospective American study found that pain scores dropped from mean 7.51/10 at baseline to mean 1.73, 2.25, and 1.75 out of 10 at 1-week, 1-month and 6-month follow-up, respectively in a cohort of 92 patients with128 metastatic vertebral tumors[START_REF] Anchala | Treatment of metastatic spinal lesions with a navigational bipolar radiofrequency ablation device: a multicenter retrospective study[END_REF]. Finally, Tomasian et al. reported a local tumor control rate of 96% at median imaging follow-up of 16 weeks in a cohort of patients receiving bi-pedicular b-RFA (4). Our results compare favorably with those reported in the literature.To our knowledge, there are no previous studies specifically focusing on b-RFA applied to achieve local tumor control with the intent of preventing complications relating to the growth of the target tumor. Such an outcome was sub-optimal in our series, and it depended purely on radiological evaluation showing residual/recurring tumor in the index vertebra at imaging followup although no subsequent clinical complications have been noted thus far. Nevertheless, the follow-up interval in this subgroup was too limited (mean 3.8 months) to formally exclude the late occurrence of clinically relevant events related to the growth of the index tumor. Moreover, the poor clinical results in this subgroup may be explained by the fact that these metastases were treated at the beginning of our experience with b-RFA and some of them were probably not the best candidates for percutaneous treatment. Indeed, one out of four tumors presented with cortical disruption and extra-vertebral soft tissue disease extension, which are known factors hindering local tumor control in bone ablation[START_REF] Deschamps | Thermal ablation techniques: a curative treatment of bone metastases in selected patients?[END_REF]. Nevertheless, b-RFA was performed since b-RFA the sole therapeutic option in this cohort due to exhaustion of all the other available treatments.

  evaluation of clinical success for patient receiving palliative b-RFA to the sole 3-point stepdown in the VAS scale. Nevertheless, this parameter is largely applied in oncology, thus being robust enough to reflect the palliative clinical response to local treatments (33). Another limitation relates to the methodology we used to represent clinical success according to the clinical indication justifying the use of b-RFA. As a result, the overall sample size was distributed into three different subgroups with a limited number of patients included in each subgroup (especially those receiving b-RFA for local tumor control), in addition to a limited mean follow-up. Therefore, the generalizability of results dealing with clinical success is limited. However, we are convinced of the necessity of reporting these results, though limited, given the relatively low availability of literature data about patients undergoing spinal metastasis ablation for this indication. Moreover, including patients undergoing ablation to prevent complications with overall poor clinical outcome, has probably contributed to skew data, thus potentially explaining the reason why we failed to show an advantage of combined treatments (b-RFA + RT) compared to b-RFA alone in achieving clinical success in the entire population. In conclusion, b-RFA with an increased target temperature protocol and in combination with vertebral augmentation, is safe for the treatment of spinal metastases. Clinical outcomes are relevant in patients receiving such treatments to achieve pain relief or local tumor control in the setting of an oligometastatic/oligoprogressive metastatic disease. Although one must be cautious when interpreting our results due to the limited sample size, sub-optimal clinical outcomes should be expected in patients undergoing b-RFA to prevent complications related to tumor growth.

Fig. 3 .

 3 Fig.3. Bipolar radiofrequency ablation of an L4 metastasis in a 64-year-old man with multifocal metastatic lung cancer. (A-B) Axial T1-weighted image (A) and computed tomography (CT) image (B) in the axial plane show the index metastasis (*), which disrupts the integrity of the anterior vertebral wall (arrow) and abutted the posterior vertebral wall without extra-osseous or epidural infiltration. (C-D) A bi-pedicular approach was used to deploy the electrodes (arrows). The same 18-G coaxial system shown in Fig.2was used for hydrodissection and thermal monitoring at the level of the anterior epidural space, which was similarly deployed through a descending trans-foraminal approach (dotted arrow). (E) CT image in the sagittal plane shows hyperattenuating material due to vertebral augmentation performed in the same session just after ablation. (F) 5-month follow-up contrast-enhanced CT demonstrates extensive ventral epidural infiltration with severe stenosis of the spinal canal (black arrow), thus not accounting for clinically successful treatment.

Fig. 4 .

 4 Fig. 4. Bipolar radiofrequency ablation (b-RFA) of a L5 metastasis in a 59-year-old woman with slowly-evolving, multi-focal, bone predominant, metastatic breast cancer. (A) CT image in the axial plane obtained 4 months prior to b-RFA shows the index lesion (arrow), which was the single growing metastasis under systemic therapy; (B) CT image in the axial plane obtained 2 weeks prior to b-RFA, shows the index metastasis (arrow); (C) which on the day of RFA measured 13 mm × 9 mm in the axial plane. (D) A mono-pedicular double-electrode approach was utilized to ablate the tumor. (E) CT image obtained at 9-month follow-up, revealed stability in the size and characteristics of the index metastasis which remained 13 mm × 9 mm in the axial plane.
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Table 1 .

 1 Metastases were mainly located

	in the lumbar (22/37; 59.5%) or thoracic spine (13/37; 35.1%); the remaining were in the cervical
	(1/37; 2.7%) and sacral (1/37; 2.7%) regions. The majority of tumors were metastases from breast
	(11/37; 29.7%) and lung (9/37; 24.3%) cancers. Metastatic epidural involvement was noted in
	15/37 (40.5%) tumors. Target metastases were lytic (25/37; 67.6%) or mixed (12/37; 32.4%); and
	5/37 (13.5%) metastases extended beyond the vertebral cortical bone.
	All (37/37; 100%) metastases were previously treated with one or multiple lines of
	systemic therapies before or after b-RFA. RT was applied in 13/37 (35.1%) metastases (5/37
	[13.5%] before and 8/37 [21.6%] after b-RFA).
	There were 20/37 (54.1%) metastases in 17/31 (54.8%) patients treated for pain
	management; 11/37 metastases (29.7%) in 9/31 (29.0%) patients to prevent tumor-related

follow-up of 3.8 ± 4.8 (SD) months (range: 1-14 months). All recurring/residual metastases were located in the pedicle (1/4 tumor; 25.0%) or the posterior 1/3 of the vertebral body (3/4 metastases; 75.0%), but did not result in any major (grade 4-6) or minor (grade 1-3) complication at the last follow-up available.

Table 1 .

 1 Characteristics of 31 patients with 37 spinal metastases.

Table 2 .

 2 Procedure-related features in 37 spine metastases treated by bipolar radiofrequency ablation.

Table 3 .

 3 Clinical results according to treatment (b-RFA vs b-RFA and radiation therapy) in 36 spinal metastases. Prevention of complications related to spinal tumor growth 9 (9/31; 29.0%) Tumor destruction in oligometastatic/oligoprogressive disease 5 (5/31; 16.2%)Quantitative variables are expressed as mean ± standard deviation; numbers in brackets are ranges. Qualitative variables are expressed as raw numbers; numbers in parentheses are proportions followed by percentages.
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